Due to the particular advantages of amorphous silicon or its alloys with carbon in comparison to conventional crystalline materials makes such a material still interesting for study. The amorphous silicon carbide may be used in a number of micro-mechanical and micro-electronics applications and also for photovoltaic energy conversion devices. Boron doped thin layers of amorphous silicon carbide, presented in this paper, were prepared due to the optimization process for preparation of heterojunction solar cell structure. DC and AC measurement and subsequent evaluation were carried out in order to comprehensively assess the electrical transport processes in the prepared a-SiC/c-Si structures. We have investigated the influence of methane content in deposition gas mixture and different electrode configuration.
Introduction
Photovoltaics can be a partial solution of the problem looking for alternative energy supply. The approach to elimination of the consumption of valuable and often rare materials leads to interest on thin film solutions denoted as second or the third generation of photovoltaics. Thin film technology is the topic which often represents the deposition of thin films on a cheap, also bulky, material substrate.
Amorphous compound of silicon and carbon known as amorphous silicon carbide, alternatively with added hydrogen (a-SiC:H), are the matter of growing interest in the last time period. It is related to the electrical, optical and mechanical properties of the prepared amorphous SiC. The possible tuning of energy band gap of this type of semiconductor in the range from 1.6 eV to 2.9 eV [1] is accompanied in the change of the refractive index and absorption coefficient of final thin film layer. Both these facts are beneficial also for photovoltaic applications. The used deposition technology, eg PECVD technology, glow discharge technique, reactive sputtering, rf sputtering, CVD and more recently pulsed laser deposition technique (PLD) [2] , and set up of the process parameters (substrate temperature, reactor pressure, suitable CH 4 /SiH 4 flow rate in the reactor) are often critical to get required properties.
SiC was originally advantageous as extremely hard material for abrasive purposes. Silicon carbides have also found application in SiC electronics for civil nuclear industry later. An amorphous SiC material, similar to its crystalline/polycrystalline SiC counterparts, finds application in microelectronics [3] , optoelectronics [4] , micromechanics [5] and also increasingly in photovoltaics [6] . Silicon carbide is presented and studied as material of the future for semiconductor power device manufacturing [7, 8] .
Low-temperature preparation techniques, controllability of optical properties and electrical conductivity in a wide range are major advantages. Larger mechanical strength, temperature and irradiation resistance and moisture resistance are other distinct advantages.
Amorphous SiC has unique place in microelectronics, particular in the construction of sensors [9] and micro/nano electro-mechanical systems [10] . The high radiation resistance predestines the structures with a-SiC layers for use in space solar application, where the mechanical and temperature resistance is particularly required.
One of the very interesting applications of thin film of a-SiC is its use as an emitter part of heterojunction (HJ) solar cell together with crystalline silicon [11] . Greater short-circuit current and open circuit voltage are the main advantage of a-SiC compared to amorphous silicon [12] . Efficiency around 22 % of HJ solar cell was achieved by structural refinements [13] . The amorphous silicon carbide is also used as the intrinsic layer in the construction of the tandem amorphous silicon cells [14] . Passivation layers [15] , antireflective layers [16] and diffusion barriers [17] are other areas of application of a-SiC in today's crystalline silicon solar technology.
In our study, we present the additional results based on the previous optimization process [18] . Influence of the flow rate of methane in the PECVD reactor on the final electric properties of heterostructures, as well as the optimization of the top grid electrode has been shown by AC and DC formalism.
Experiment and results
Heterojunction solar cell structure (term structure means in our case that it is not a completed solar cell which contains all necessary arrangements, for example, anti-reflective coating or passivation) was prepared in the experiment. The plasma CVD technique with the parallel arrangement of electrodes in reactor was used for the preparation process. The thin amorphous SiC layer was grown on the substrate of N-type crystalline silicon. Ptype doped SiC layer deposited on crystalline N-type silicon creates the potential barrier which results in diode behavior of prepared structure. SiC was doped by boron. The mixture 5 % B 2 H 6 in pure H 2 was the doping gas. Methane added to mixture is the source of carbon influencing the properties of final alloy SiC and hydrogen passivates dangling bonds of amorphous structure. Some other details of preparation was already published in [19] . The process was set up according our previous experimental results and optimization [18] . Some details are in Table 1 . The sample area size was 0.9 × 0.9 cm. Samples BB1 and BB2 were produced from Al with a different density of top grid fingers. BBR with 9 lines and a BBH with 13 lines (Fig. 1 ). The width of fingers was 100 µm and the width of busbars on both edges was 400 µm at the thickness 200 nm. So, the active area was 66.42 mm 2 and 63.14 mm 2 , resp. The whole area Al electrode is on the back. The difference between samples BB1 and BB2 is, as already mentioned, in different CH 4 gas flow. Prepared samples represent the diode structure, which show the photovoltaic behavior, but principal adjustment, eg passivation of the surface and AR coating, is required to get better solar cell. On the other hand, prepared structures are convenient for the electrical characterization. The diode-like samples were measured in the dark and also under the illumination.
The DC measurements were performed using fourquadrant measuring source Keithley 2440 to get I-V characteristic in the dark and under illumination. SO-LARTRON Analytical Module was used for AC measurements and impedance spectroscopy technique was used for analysis of obtained data. The measurements were performed in the dark conditions at various DC bias voltage and at the frequency range from 1 Hz to 1 MHz. Impedance data were then fitted by the Eisanalyser simulation program. The irradiation source was solar simulator ORIEL which provides the radiation certified as class AAA (temporal stability, areal homogeneity and defined light spectrum).
Basic PV parameters were calculated from illuminated I-V characteristics shown on Fig. 2 . are illustrated in Fig. 3 , where the fill factor dispersion for the both sample series with different fingers density is given. Of course, all samples show quite poor PV parameters when above mentioned optimization is missing. For the purpose of this paper, the light I-V measurements were carried out only to compare the behavior of the prepared samples under light.
The lower concentration of precursor gas CH 4 during the depositions leads to better results as it is shown in Fig. 3 . The value of FF 0.33 and 0.34 are lower for BB1 in comparison with the results obtained for BB2 at higher concentration of CH 4 -0.39 and 0.40, resp. Similarly I sc and V oc parameters were improved.
The example of I-V curves measured in the dark are shown in Fig. 4 . The series resistance was calculated from the voltage drop [20] as shown in Fig. 4(b) . The measured curve is compared with its linearized extrapolation. Depicted voltage drop ∆U is due to influence of R s . A factor ideality of the diode was obtained using modified Shockle's equation
The phase and absolute value of complex impedance were measured by SOLARTRON analytical module in order to obtain frequency response of SiC/c-Si heterostructure. The space charge region of PN junction varies under different DC bias, so the frequency dependence of measured impedance (Fig. 5 ) is modified as well when different bias is applied. AC measurements in the dark were carried out in order to identify electronic behavior. The process was based upon equivalent AC circuit, which was suggested and processed by fitting the measured impedance data. The elements like resistance, constant phase element (CPE) capacitance and CPE impedance exponent, which describe the transport processes in the structure (electronic behavior), can be extracted by standard numerical treatment based on measured AC data and proposed equivalent circuit. Individual elements of equivalent circuit and their DC voltage dependences are presented in Figs. 6-9. AC measurements and subsequent data evaluation serve both, to determine the dynamic parameters of the structures and as the alternative to DC measurement the series resistance can be determined also and compared to the results obtained by DC measurement. The parallel/shunt resistance (limiting fill factor and efficiency) can be determined as the circle diameter of fitted experimental data, see Fig. 5 .
Equivalent circuit is a simple connection of resistor R s (series resistance) in series with two parallel combinations of constant phase elements and resistors P 1 -R 1 and P 2 -R 2 (Fig. 10) .
Discussion
Standard barrier properties of the junction were identified from measurements in the dark. The typical diode I-V shape is in Fig. 4(a) . The PV parameters I sc , V oc , P max can be deducted from the I-V curve under illumination and as it was already mentioned, their poor values result from the fact that well operating solar cell requires more complex structure. So the efficiency of light conversion was less than 3 % but the efficiency of BB2 was higher than that one of BB1.
The series resistance of the structure and the ideality factor were determined from the DC measurements in the dark. The series resistance, as outlined above, was determined by the numerical method from the measured I-V dependence and the idealized straight line when R s = 0 Ω. Series resistance R s = 4.62 Ω for BB1 and R s = 1.77 Ω for BB2 was determined. The voltage drop ∆U was taken at I = 10.98 mA.
According (1) ideality factor m = 3.5 for BB1 and m = 2.26 for BB2. The value of the ideality factor, which is geometric factor and represents the various recombination processes in the structure, is expected to be from the range 1 to 2. For m = 1 it is recombination limited by minority carriers, for m = 2 the recombination is limited by both carrier types. However it is not unusual 
10. An AC equivalent circuit of the investigated PV structures that represents individual electrical transport processes, CPE is here denoted as P 1 , P 2 and known that many types of solar heterojunction cells (heterojunction diodes) account an ideality factor greater than 2, eg as the result of the recombination at the interface of the heterojunction [21] . At the same time, the lower value m for BB2, along with previous findings, indicates that a lower CH 4 content in the gaseous mixture has also an impact on the formation of a better interface between the bulk silicon and the thin SiC layer.
The calculated values can be understood in such way that the samples produced at a lower ratio of methane to silane in their mixture and with denser grid of finger electrodes result in better DC parameters. Low fill factor values (about 0.4) was obviously caused by poor collection of photogenerated carriers and unrealized conventional photovoltaic cell structural components. Typical passivation or antireflection layer applied on silicon carbide could be ZnO or other TCO films.
The standard impedance spectroscopy measurements were performed in order to get an insight on the electrical transport processes in the prepared heterostructures.
Capacitance character of the complex impedance for all samples is demonstrated in Fig. 5 . The most convenient fit assumes the series resistance and two parallel R -CPE's elements. The constant phase element represents nonlinear capacity, respectively capacity dispersion. It is introduced into the AC equivalent circuit for the structures containing a greater number of structural defects or disorders [22] .
The impedance of constant phase element is given as
Both CPEs shows exponent n lower than 1 while pure capacitance show exponent n = 1 . Decreasing n reveals more disordered structure and dispersion of transport processes. The dynamic origin related to multiple trapping systems can be the reason of such behavior. Both, CPE capacitance P and its exponent n depends on the applied DC bias, see Figs. 7-9. Near capacitive behavior (n is closed to 1 and voltage independent), as it is clearly recognized in Fig. 9 , was observed for second CPE element in AC equivalent circuit for both samples. The capacity of the structure in forward direction is closely related to the minority charge carriers and thus recombination rate. Second CPE capacitance consistently increases with increasing bias voltages for both samples as one can recognize in Fig. 8 . CPE capacitance P 1 decreases for both BB1 and BB2 samples (Fig. 7) while CPE capacitance P 2 increases when DC bias is increased (Fig. 6) . The injection of minority carriers results in diffusion (dynamic) CPE capacitance increase at higher forward bias as typical for this type of structure [23] . Similarly, as in the case of capacitances, the two types of resistances are taken into account in the AC equivalent circuit. In terms of obtained resistance, Fig. 6 shows behavior of both samples. The voltage dependence of resistance indicates two areas dependent on voltage. Two types of resistances are related to shunt and dynamic resistance. The resistance R 2 is ascribed to space charge region of the junction and of course it is dependent on the applied bias. Its value under forward direction is much lower than that one under reverse bias. The higher its value, the better the diode interface [24] . At higher forward voltages the transport process is governed by series resistance.
Conclusion
A thin layers of hydrogenated boron doped amorphous silicon carbide intended for the use as an active part of heterojunction solar cell was studied. Prepared structures represent the basis for further heterojunction solar cells. The investigation was based on the results of DC electrical characterization and AC impedance spectroscopy. Electric PV parameters were obtained from DC measurements. AC equivalent circuit was obtained by analyzing the impedance data at broad frequency range. The physical significance of the individual AC equivalent circuit elements and its relation to the electrical transport processes has been explained. Optimization of deposition process, mainly CH 4 gas flow, lead to significant improvement -increase of short circuit current and generated power in the case of BB2 sample. Nevertheless, further research and optimization of deposition technique, as well as structural improvements, like AR coating and photon management, are required in order to produce efficient heterojunction solar cells.
